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The aim of this work is a systematic comparison of size characterisation methods for two completely dif-
ferent model systems of oxide nanoparticles, i.e. amorphous spherical silica and anisotropic facet-shaped
crystalline zirconia. Size and/or size distribution were determined in a wide range from 5 to 70 nm using
small-angle X-ray scattering (SAXS), dynamic light scattering (DLS), nitrogen sorption (BET), X-ray dif-
fraction (XRD) and transmission electron microscopy (TEM). A nearly perfect coincidence was observed
only for SAXS and TEM for both types of particles. For zirconia nanoparticles considerable differences
between different measurement methods were observed.
 2011 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Nanoparticles are widely used in research and industry to tailor
and improve materials properties, ranging from ceramics to poly-
mers or biomedicine [1,2]. An increasingly important research ﬁeld
is the incorporation of nanoparticles into an organic matrix to cre-
ate inorganic–organic nanocomposites as a promising class of novel
materials [3,4]. Mechanical and physical properties of the resulting
materials depend on the composition, shape, size and size distribu-
tion of the incorporated particles. Therefore, a precise determina-
tion of size and size distribution is a major challenge with regard
to reproducibility and structure–property relations.
Among the methods used for the determination of the size and
size distribution of nanoparticles, only a few are applicable in var-
ious chemical environments, i.e. small-angle X-ray scattering
(SAXS) and dynamic light scattering (DLS). One particular advan-
tage of SAXS is that it can be used to analyse dispersions as well
as powders or solids, whereas DLS is limited only to dilute solu-
tions. Comparing SAXS with an image-guided method like trans-
mission electron microscopy (TEM), SAXS beneﬁts from a higher
statistical quality in the size distribution determination within
one measurement. Additionally, no high vacuum is required, which
limits the samples many times to solid state samples [5]. On the
other hand, TEM has its speciﬁc beneﬁts as it delivers direct images
and local information on size and shape of nanoparticles. Therefore,
these two techniques are complementary and combining both
methods can lead to superior information with regard to shapeterlik).
-NC-ND license.and size of nanoparticles in dispersions or powders [6]. An example
for such combined studies is the kinetics of silica nanoparticle for-
mation in various suspensions [7,8]. Other types of particles inves-
tigated by SAXS, DLS and TEM were surface functionalized gold
nanoparticles [9] and shell crosslinked nanoparticles [10]. These
works further support the view that comprehensive information
on particle size and shape require the use of more than one charac-
terisation technique.
A less common technique to obtain a particle size distribution is
the analysis with nitrogen sorption. The evaluation according to
BET theory (Brunauer–Emmet–Teller) [11] allows to obtain infor-
mation on the size of non-agglomerated and dense particles
[12,13]. In many of the cited studies a good agreement between
the different measurement techniques was found in particular for
silica nanoparticles. Different to the high number of publications
investigating silica, much less information is available for other oxi-
des such as ZrO2 nanoparticles. For this type of particles, DLS
showed the stability of the aqueous suspension for several days
and supplementary measurements by TEM and SAXS were per-
formed to prove the structural composition of the ZrO2 nanopowder
[14]. The increase in size in dependence on the increasing calcina-
tion temperature was investigated for chemically coprecipitated
zirconia powders with TEM, XRD, BET and SAXS [15]. As in most
of the previous studies only one type of material was investigated,
the idea of this Letter is to systematically compare a large number
of characterisation methods (SAXS, DLS, BET, XRD and TEM) in de-
tail for two structurally completely different systems, one being
amorphous spherical SiO2 and the other crystalline irregularly
shaped ZrO2. The particles were synthesized under varying process-
ing conditions to cover a wide size range from 5 to 70 nm.
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2.1. Materials
The solvents (HPLC grade) and chemicals were purchased from
Sigma–Aldrich and ABCR. Water was deionized before use. Metha-
nol was puriﬁed using a PureSolv (Innovative Technology Inc.) sol-
vent puriﬁcation system. All chemicals were used without further
puriﬁcation.
2.2. Synthesis of silica nanoparticles
Small silica nanoparticles were prepared applying a literature
known procedure [16]. Hundred millilitres methanol were mixed
with 29 mmol water and 0.1 mL of 16 M aqueous ammonia solu-
tion. Afterwards 47.45 mmol tetraethyl orthosilicate were added
dropwise under stirring in a 250 mL round bottom ﬂask. The reac-
tion mixture was then stirred at room temperature for 3 days. The
solvent was evaporated and the remaining product was washed
three times with n-hexane to destabilize the colloid within the
washing step, separated by centrifugation at 4615g and dried over
P2O5 at 5 mbar resulting in 2.17 g white powder (each batch being
in a diameter range between 5 and 10 nm according to SAXS).
Larger silica nanoparticles were prepared by mixing 50 mL ethanol
with 11 mmol water and 3.0 mL of 16 M aqueous ammonia solu-
tion in a 250 mL round bottom ﬂask [16,17]. A solution of 50 mL
ethanol mixed with 18.05 mmol tetraethyl orthosilicate was then
added slowly under stirring. The reaction mixture was stirred at
room temperature for 16 h. Then the solvent was evaporated and
the remaining product was washed three times with n-hexane to
destabilize the colloid, separated by centrifugation at 4615g and
dried over P2O5 at 5 mbar resulting in 0.86 g white powder (each
batch being in a diameter range between 40 and 60 nm according
to SAXS).
2.3. Synthesis of zirconia nanocrystallites
Small zirconia nanocrystallites were prepared applying a litera-
ture known procedure [18]. Thirteen millilitres of a 4 M solution of
ZrOCl2 were thermally decomposed in water in an autoclave with
a 20 mL-Teﬂon-inlay at 200 C. The reaction was carried out for
3 days and the particles were isolated by precipitation with acetone
and centrifugation at 4615g, washed with a mixture of water and
ethanol (1:5) three times and dried over P2O5 at 5 mbar to yield
3.50 g of a white powder (each batch in a diameter range between
5 and 10 nm according to SAXS). Powder-XRD: 100% crystalline
ZrO2, Baddeleyite phase (monoclinic). Larger zirconia nanocrystal-
liteswerepreparedby aprocedure described in literature [19] under
hydrothermal conditions. Amixture of 19 mmolH2O, 7.3 mmol ace-
tic acid and 2.25 mmol Zr acetate solution (16 wt.% in acetic acid)
was heated in an autoclave with 20 mL-Teﬂon-inlay for 16.5 h at
170 C. The resulting stable particle-dispersion was then destabi-
lized by removing two thirds of the volume by evaporation and add-
ing 10 mL acetone. The product was separated and washed three
times with a mixture of acetone:water = 10:1 (centrifugation at
6150g), then dried over P2O5 at 5 mbar to give 0.71 g of awhite pow-
der (each batch in a diameter range between 20 and 30 nm accord-
ing to SAXS). Powder-XRD: 100% crystalline ZrO2, Baddeleyite phase
(monoclinic).
2.4. Measurement techniques
Powder-XRD-measurements were carried out on a Philips X’Pert
Pro instrument at CuKa-radiation with a Bragg–Brentano-arrange-
ment at an angle speed of 6/min, with the sample mounted onSi-single-crystal-wafers and measured under ambient conditions.
Crystallite size was calculated using the TOPAS software via reﬁne-
ment using ﬁve metric parameters. The average crystallite size D
was determined from the broadening of the peaks by Scherrer’s
equation D ¼ 0:9k=ðb cos hÞ, where k is the wavelength of the X-
rays, h the Bragg angle and b the calibrated breadth of a diffraction
peak (here the (111) reﬂection) at half-maximum intensity.
Nitrogen sorption measurements were performed on a Microm-
eritics ASAP 2020 instrument. The samples were degassed under
vacuum at 60 C for at least 8 h prior to measurement. The surface
area was calculated according to Brunauer, Emmett and Teller
(BET) [11].
Dynamic light scattering (DLS) measurements were carried out
by non-invasive backscattering on an ALV/CGS-3 compact goniom-
eter system with an ALV/LSE-5003 and a multiple tau correlator at
a wavelength of 632.8 nm (He–Ne Laser) and a goniometer angle of
90. The dispersing media were puriﬁed before use with a syringe-
ﬁlter (200 nm mesh). The determination of the particle size was
carried out by the analysis of the correlation-function via the
g2(t) method followed by a linearised number-weighting (n.w.)
and mass weighting (m.w.) of the distribution function.
SAXS measurements were performed under vacuum using a
rotating anode X-ray generator with a pinhole camera (Nanostar,
Bruker AXS) with CuKa radiation monochromatized and collimated
from crossedGoebelmirrors and detected by a 2D position sensitive
detector (Vantec 2000). The sample-to-detector distancewas varied
from 13 to 108 cm to cover a wide range of the scattering vector q
from 0.1 to 15 nm1. All SAXS patterns were radially averaged and
corrected for background scattering to obtain the scattering intensi-
ties in dependence on the scattering vector q = 4p/k sinh, where 2h is
the scattering angle and k = 0.1542 nm the X-ray wavelength.
TEM images were recorded on a JEOL JEM-100CX and on a FEI
TECHNAI G20 transmission electron microscope. The particle pow-
der samples were attached to Formvar copper grids by dispersing
them in ethanol using an ultrasound cleaning bath, adding one
drop on the copper grid and evaporating the solvent. The images
were evaluated automatically by the software ImageJ [20] or man-
ually in the case of a very low contrast. At least 50 particles were
measured for each size and type of particle and the equivalent
spherical diameter was evaluated.3. Theory
DLS primarily measures time-dependent ﬂuctuations of scat-
tered coherent light, i.e. the decay of the autocorrelation function,
which is caused by diffusive motion of the particles. The experi-
mentally measured diffusion coefﬁcients can be converted to a




where kB is Boltzmann’s constant, T the temperature, g the viscosity
of the suspension medium and Rh the hydrodynamic radius [21].
In contrast to dynamic light scattering, SAXS probes differences
in electron densities. To get information on the size and arrange-
ment of nanoscaled objects from SAXS data, either direct methods
(from ﬁtting the purely mathematical Fourier transforms to the
intensities) [22,23] or indirect methods (which intend to restore
the distribution function in real space from SAXS data) are avail-
able [24–26]. In this Letter, we focus on the ﬁrst ones, where the
scattering intensities of weakly ordered structures are described
in the monodisperse model by the product of form factor and
structure factor, Iq ¼ I0V20PðqÞSðqÞ, with q being the absolute value
of the scattering vector, V0 the volume of the particle, S(q) the
structure factor and P(q) the form factor. I0 contains experimental
S. Pabisch et al. / Chemical Physics Letters 521 (2012) 91–97 93parameters such as the scattering contrast, the beam intensity and
additional variables due to the setup of the experiment. In the case
of polydispersity, the simplest approach is a formal factorization
with a mean form factor and to replace the structure factor by a
so-called effective one [27].
IðqÞ ¼ I0V20Pðq; rÞSeff ðqÞ ð2Þ
In the case of a Gaussian size distribution of spherical particles,



















In the case that the distribution is sufﬁciently small, the integral
can be extended from minus inﬁnity to inﬁnity and its analytical
solution is given in Supplementary information.
For hard spheres, the Percus–Yevick approximation [28] deliv-
ers a structure factor for weakly aggregated systems, which
describes the interference of the scattering of particles with two
parameters, a hard-sphere radius RHS and a mean hard-sphere vol-
ume fraction g [29,30].
SðqÞ ¼ 1
1þ 24gG 2qRHSð Þ= 2qRHSð Þ
ð4Þ
with the function G(2qRHS) being deﬁned by Kinning and Thomas
[29]. The hard-sphere radius RHS gives information on the correla-
tion distance of particles within a cluster or an aggregate and the
hard-sphere volume fraction g on the probability to ﬁnd particles
in vicinity to each other.
To describe the effect of a small anisotropy of the particles on
the scattering intensity, their interaction can be assumed to be
independent of their orientation and is given by their average size
[25]. Therefore, the decoupling approximation can be used [31].
IðqÞ / I0V20PðqÞ½1þ bðqÞðSðqÞ  1Þ ð5Þ
where bðqÞ ¼ hFðqÞi20=hF2ðqÞi0 with an orientational averaged form
factor PðqÞ ¼ hF2ðqÞi0 [31]. In the case of polydispersity, the equa-
tions are similar, but the orientational average has to be replaced
by an integral taken over the size [30,31]. For including the effect
of larger polydispersity, the local monodisperse approximation is
frequently used [30,32]. It is based on the assumption that a particle
of a certain size is always surrounded by particles with the same
size. Therefore, the model consists of monodisperse sub-systems




An overview on the different theoretical models is discussed in
the literature [30].
Different to Eq. (3), an uniﬁed equation for the form factor has
been proposed by Beaucage [33–36], consisting of a Guinier like
and a limited power law regime.
4. Results
Figure 1a shows the scattering intensities from XRD for silica
nanoparticles with the strong short range order peak from the dis-
tance of the silica tetrahedra, Figure 1b for the zirconia nanoparti-
cles, with broad Bragg reﬂections typical for nanoparticles. Rietveld
reﬁnement revealed a composition of the zirconia nanoparticles of
100% crystalline monoclinic ZrO2 (Baddeleyite). The crystallite
size was determined to be 4.5 nm for small ZrO2 and 2.9 nm for
large ZrO2 as evaluated from the Scherrer equation with an esti-
mated standard error of 10%. The surprisingly smaller value forthe large ZrO2 nanoparticles suggests that they are built up as
aggregates from smaller particles, which is supported by the
TEM-images (Figure 2).
In these TEM images it is clearly visible that small zirconia par-
ticles consist of crystal-facet-shaped nanocrystals (Figure 2a),
whereas the large zirconia particles (Figure 2b) are built up of
aggregates of smaller units. The crystallinity is also observed in
the inserts of Figure 2, the selective area diffraction (SAD-) images.
Together with HRTEM images (Figure 3) the conclusion from XRD
is further conﬁrmed that small nanoparticles are single crystallites
and larger ones are polycrystalline aggregates, visible by the pres-
ence of different lattice fringes of every single crystallite in the
aggregate (HRTEM images, Figure 3b). Different to the complex
shape of zirconia, the silica nanoparticles exhibit a distinct spher-
ical shape (Figure 2c). Small silica particles reveal a poor contrast
to the carbon coated copper grid in the TEM micrographs and are
therefore not shown.
DLS was used to determine the number-weighted and the mass-
weighted particle size distribution of the nanoparticles dispersed in
ethanol (SiO2) and water (ZrO2). According to these DLS-measure-
ments, the number-weighted size distribution of the nanoparticles
is rather uniform as shown in Figure 4 (data and ﬁgure for mass-
weighted evaluation are found in Supplementary information).
For the samples presented in Figure 4, particle diameters of
7.8 ± 2.3 nm for small and 64 ± 12.8 nm for large silica, furthermore
17.8 ± 3.6 nm for small and 54 ± 10.8 nm for large zirconia were
measured with DLS.
For comparison to nitrogen sorption, two batches for each oxide
were measured. With the assumptions of a spherical shape and a
complete coverage of the surface with nitrogen molecules, one
may derive the particle size distribution. The value for the speciﬁc
surface area was 710.6 ± 7.1 m2/g for small and 76.2 ± 0.8 m2/g for
large SiO2 nanoparticles. As a consequence of the lower speciﬁc
surface of the large SiO2 nanoparticles, this results in a smaller size
of only 34 nm compared with the size of 53.4 nm from SAXS eval-
uation. Differently, the speciﬁc surface for large ZrO2 nanoparticles
is higher than for small ones, i.e. 171.1 ± 1.7 m2/g in comparison to
140.3 ± 1.4 m2/g. This would indicate a smaller size. However, tak-
ing into account the results from TEM and SAXS, this can also be
attributed to polycrystalline aggregates, which build up the large
ZrO2 nanoparticles.
For each of the batches of nanoparticles prepared, SAXS patterns
were collected and ﬁtted by different models with the software
Mathematica™. The form factor was obtained either by spheres
with a Gaussian size distribution and an effective structure factor,
Eqs. (3) and (4), or the Beaucage model with a lognormal distribu-
tion (Eqs. (S1) and (S2) shown in Supplementary information).
Using the decoupling (Eq. (5)) or the local monodisperse approxi-
mation (Eq. (6)) led to ﬁt parameters, which did not differ consid-
erably from the ones of the simple model with an effective
structure factor (shown for selected examples of silica as well as
zirconia nanoparticles in Supplementary information). For the
Gaussian model, the number length-weighted, the number-
weighted as well as the mass-weighted diameter mean, d1,0, d3,0
and d4,3, were calculated [37]. For comparison of the methods, in
the following diagrams the number-weighted mean d3,0 was cho-
sen and is denoted as dSAXS. Numerical values are also listed in Sup-
plementary information: There are certainly some general trends –
the relation d4,3 > d3,0 > d1,0 holds due to the different weight of the
distribution and the Beaucage model gives slightly larger values
than the Gaussian sphere model – however, the deviation between
different evaluation methods is within about 30% at maximum.
For large zirconia particles, two levels of hierarchy are visible as
two characteristic humps in the scattering intensities and were
therefore ﬁtted with a system with two different radii, i.e. a bimo-
dal size distribution. To our interpretation, the second maximum
a b
Figure 1. XRD of (a) silica, (black: 4.3 nm and grey: 53.4 nm) and (b) zirconia samples: 4.0 nm (black) and 33.8 nm (grey) nanocrystallites, diameter from SAXS evaluation.
Figure 2. Representative TEM micrographs of (a) small ZrO2 nanoparticles of a size of 3.8 nm, (b) large ZrO2 nanoparticles (15.2 nm) and (c) large SiO2 nanoparticles
(53.5 nm), diameter from SAXS evaluation. Selective area electron diffraction images are displayed in (a) and (b) to conﬁrm the crystallinity.
94 S. Pabisch et al. / Chemical Physics Letters 521 (2012) 91–97at large q-values arises from small crystallites building up a porous
aggregate, as just mosaic crystals with grain boundaries would not
have sufﬁcient electron density contrast to give a second maxi-
mum. A typical short range order distance of 2.7 nm is observedin SAXS, which is similar to the size of 2.9 nm as obtained from
XRD.
The stronger tendency to agglomerate is visible from the more
pronounced scattering intensity maximum in particular for small
Figure 3. Representative HRTEM micrographs of (a) small ZrO2 nanoparticles of a size of 3.8 nm and (b) large ZrO2 nanoparticles (15.2 nm), diameter from SAXS evaluation.
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Figure 4. Typical number-weighted particle diameter distributions from DLS for
the respective nanoparticle powder dispersed in ethanol (SiO2, diameter from SAXS
evaluation 4.4 and 53.4 nm) or water (ZrO2, SAXS: 4.0 and 33.8 nm).
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S. Pabisch et al. / Chemical Physics Letters 521 (2012) 91–97 95silica (Figure 5a). This higher intensity leads to a higher numerical
value for the volume fraction g in the hard-sphere model, Eq. (4).
The higher the hard sphere volume fraction, the higher is the prob-
ability to ﬁnd in the vicinity of a particle another neighbouring one.
The results for the diameter and the distribution width (stan-
dard deviation) of the different nanoparticles obtained from the
respective measurement technique are presented in Figure 6
(TEM, ﬁlled squares, DLS, circles, BET, triangles, XRD, diamonds,
only for zirconia), in dependence on the particle diameter d3,0 ob-
tained from SAXS. For BET and XRD, only the size but not the dis-
tribution width is given, but for both methods a measurement
error of at least 10% is estimated. A complete list of the numerical
data is found in Supplementary information.q / nm-1
Figure 5. Experimental SAXS proﬁles I (q) (symbols) and ﬁtting curves (solid lines)
of small and large (a) silica and (b) zirconia using the analytic approach with
spheres and a Gaussian size distribution and an effective structure factor (Eq. (2)).
The proﬁles are shifted vertically for better visibility.5. Discussion
Each of the techniques has its speciﬁc advantages: TEM delivers
direct images, from which information on size and shape of nano-
particles is obtained, SAXS is able to measure powders, solids and
also particles in solution, DLS is a fast and cheapmethod tomeasure
a high number of samples, and XRD and BET give the size of nano-
particles as a by-product from the main aim of the method, e.g. the
determination of phases within a sample or the speciﬁc surface.For silica nanoparticles, all presented experimental methods
give a nearly perfect agreement (Figure 6a), with the exception
of BET for large silica nanoparticles. A possible explanation could
dSAXS











































Figure 6. Particle diameter and distribution width (standard deviation) from DLS (circles), TEM (ﬁlled squares), as well as particle diameter from BET (triangles) and XRD
(diamonds, only for zirconia) in dependence on the particle diameter obtained from SAXS, dSAXS: (a) silica and (b) zirconia nanoparticles.
96 S. Pabisch et al. / Chemical Physics Letters 521 (2012) 91–97be microporosity, as micropores were sometimes found in large
Stöber silica particles [38]. DLS gives slightly larger values, but
within the error bars, which is probably due to the hydrodynamic
shell. None of the typical difﬁculties reported in the literature
for TEM might have had an effect, such as aggregation by capillary
forces between the particles during drying [39], or a collapse of
highly hydrous and open-structured silica particles due to the
dehydration and relaxation processes under high vacuum [7].
Whereas in TEM one has to take care about magniﬁcation, imaging
type and analysis method, which can affect the resulting size
distribution, especially in case of small nanoparticles [40], the dif-
ﬁculty in SAXS is that the method relies on mathematical model-
ling of scattering intensities, where the choice of the respective
analytical or numerical approach is not always unique. The upper
size limit of SAXS in the laboratory is about 50 nm, and larger ob-
jects require USAXS at a synchrotron radiation source. Neverthe-
less, SAXS agreed well with the other methods, as the typical
oscillations in the scattering intensities from the narrow size distri-
bution of silica nanoparticles allowed a precise measurement up to
the 50 nm regime.
Differently, zirconia nanoparticles (Figure 6b) exhibited a con-
siderable discrepancy. Whereas SAXS and TEM are close to each
other, the size of zirconia nanoparticles from DLS exceeds SAXS
and TEM by a factor of two to three. The signiﬁcantly larger value
from DLS might be attributed to the larger hydrodynamic shell,
which probably is dependent not only on the composition (the lar-
ger coordination sphere of zirconia), but also on the shape and
roughness of the particle. A complex shape of particles [41] as well
as their interaction [42] could inﬂuence the numerical evaluation
from DLS. Also even a small amount of 1–2 vol.% of larger particles
can signiﬁcantly change the DLS derived particle size distribution,
whereas SAXS measurements are less susceptible to the presence
of larger aggregates [7].
Furthermore, a higher tendency to agglomeratewas observed for
silica in comparison to zirconia nanoparticles. A possible cause is
that the surface energy and surface charge of silica nanoparticles is
relatively high and agglomeration leads to a reduction of surface
and gain in enthalpy. The enthalpy is one of the crucial parameters
controlling the dispersion of nanoparticles in polymers [43]. As the
aqueous dispersions of zirconia particles have a pH of 4 (large) and2.9 (small), it is also proven that the zeta potential of the dispersion
of zirconia particles is electrostatically stable until pH of 7 (see Sup-
plementary information). This electrostatic stabilization is responsi-
ble for the good dispersion quality of zirconia nanoparticles inwater
used in this work.
The results from BET coincide with the results from SAXS, TEM
and DLS only for small silica nanoparticles and deviate for large
ones, whereas for zirconia a considerable difference was found
for small as well as large nanoparticles. This is attributed in the lat-
ter case mainly to effects of a rough and porous surface, which is
obviously the case for the large zirconia particles. Furthermore,
small nanoparticles lead to a high surface area and any mixture
of particles of different size is dominated by the speciﬁc surface
area of the small particles [15]. The existence of more than one
type of porosities in large nanoparticles cannot be excluded, as
the isotherm type can be classiﬁed to be between type II and IV
using the IUPAC classiﬁcation of nitrogen sorption isotherms [44]
and the hysteresis is not of uniform shape (H1–H2 mixed with
H3). Differently, in small nanoparticles only mesopores are pres-
ent, as they exhibit type IV behaviour with H1 hysteresis (typical
isotherms of nitrogen sorption are found in Supplementary infor-
mation). This might be the reason for the good agreement of the
size from BET to the other methods for small as well as the huge
difference for large nanoparticles.
XRD could only be applied to zirconia nanoparticles due to the
crystallinity of the latter. It coincides only for small zirconia, which
is attributed to the observation that large zirconia nanoparticles
are built up of smaller crystalline units. It is therefore natural that
the measured diameter from XRD reﬂects the size of the small
crystallites and not the one of the nanoparticle aggregate.6. Conclusion
Two oxide nanoparticle systems, amorphous SiO2 and crystalline
ZrO2,were studiedbyDLS, SAXS, TEM, BET andXRD (only for crystal-
line ZrO2). SAXS and TEM are in nearly perfect agreement for both
materials in the whole measured range covering a nanoparticle
diameter from 5 to 70 nm. BET shows large deviations in case of
the large silica nanoparticles and is not applicable to zirconia due
S. Pabisch et al. / Chemical Physics Letters 521 (2012) 91–97 97to the irregular shape and the high surface roughness of the latter.
DLS leads to a slightly higher value for the size within the error bars
for silica and considerably higher values for zirconia nanoparticles
compared to TEM and SAXS. This is attributed to the inﬂuence of
the hydrodynamic shell, and is more pronounced for facet-shaped
zirconia than for spherical silica. XRDcanonly beused for crystalline
materials and gave a reasonable size only for small zirconia, but
clearly not for large zirconia nanoparticles, which were polycrystal-
line aggregates. In conclusion, one should be careful with the inter-
pretation of numerical values of the size of nanoparticles from
differentmethods, as not only the type ofmaterial, but also its shape
and porosity might have a considerable inﬂuence. An approach
using not only one single measurement method is favourable to ob-
tain general information on size, size distribution and shape of
nanoparticles.
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